Introduction {#Sec1}
============

The unprecedented loss of biodiversity, with an estimated extinction of a species every 20 minutes^[@CR1]^, indicates that a "sixth mass extinction" is under way^[@CR1]--[@CR4]^. There is now overwhelming evidence that both climate change and habitat fragmentation are together responsible for this exceptional biodiversity loss^[@CR5]^, with further accelerated extinction predicted during the next decades^[@CR2],[@CR5]^. Unless we implement effective conservation measures immediately about two-thirds of the vertebrate populations could vanish by 2020^[@CR3]^. Accordingly, the Convention on Biological Diversity listed strategic goals to forestall the ongoing loss of biodiversity^[@CR6]^. Assessing the current and future biodiversity status and future trends are imperative to achieve these goals^[@CR7],[@CR8]^.

Previous empirical studies show that species' ecological traits influence their response to climate change and that response varies across species^[@CR9],[@CR10]^. Traits that may increase risk of extinction because of climate change include: (1) narrow distribution ranges; (2) limited dispersal ability; (3) high level of specialisation, and (4) low reproductive performance^[@CR11]^. Narrow-ranged species, tend to possess most of these traits, and are therefore more vulnerable to climate change than other species^[@CR11],[@CR12]^. Accordingly, assessing the potential impact of climate change on biodiversity patterns and species distribution is essential to determine the most vulnerable species and areas, which would allow for prioritising conservation efforts. Several assessments at global and continental scales^[@CR12]--[@CR16]^ have been carried out; however, effective conservation plans require information at the more local scale of biomes or ecoregions^[@CR17],[@CR18]^.

The warm desert biome has been neglected in conservation ecology^[@CR2],[@CR8],[@CR19]^. Yet, the warm desert biome encompassing the Sahara and the Arabian Desert (Fig. [1](#Fig1){ref-type="fig"}; henceforth referred to as the "Afro-Arabian" region) harbours a unique mix of fauna and flora shaped by the harsh climatic conditions and the long-term geographical connectivity between Africa and Asia^[@CR20]^. Therefore, many of the Afro-Arabian species are endemic and uniquely adapted to extreme environmental conditions^[@CR2],[@CR8],[@CR19],[@CR21]^.Figure 1The geographic location of the Afro-Arabian region.

Climatic conditions limit mammal distribution by influencing physiological processes and vegetation conditions, which in turn determine resource availability^[@CR22]^. The mammal fauna of the Afro-Arabian region, and in particular the endemic species, are among the most adapted to the extreme and harsh environmental conditions^[@CR8],[@CR23]^. However, evidence suggests that the genetic adaptation in mammals can not keep pace with the current rate of climate change^[@CR24]^ making living at the edge of the physiological limits particularly risky^[@CR24],[@CR25]^. Mammals, as consumers, are at higher trophic levels, and have a unique functional role in the ecosystem^[@CR2]^; therefore, focusing our attention on them could be a useful surrogate for greater biodiversity conservation and a suitable way to prioritise the conservation effort^[@CR22]^.

The long history of conflict, political instability, and perception as a bare area with comparably low biomass, are responsible for the lack of information regarding the biodiversity patterns and species distributions in the Afro-Arabian region^[@CR2],[@CR8],[@CR26]^. In addition, despite their important functional roles in the ecosystem, these species have also been understudied because of the difficulties associated with studying the often nocturnal, rare and secretive species^[@CR1],[@CR2]^. Such lack of information represents the main challenge for any conservation action.

The main goal of this study, which also forms part of a published PhD thesis^[@CR27]^, is to identify the conservation status and diversity patterns of the endemic mammal species in the Afro-Arabian region based on species distribution models (SDMs). Species distribution models allow for delineating species geographic and environmental niches through quantifying the relationships between their occurrences and associated biotic and abiotic variables, and allow for predicting species niches in unsampled regions^[@CR28],[@CR29]^. SDMs are powerful tools and widely used in many fields (e.g., biogeography, ecology, conservation, and epidemiology) and can project species niche spatially and temporally^[@CR30]^. Specifically, we aim to address the following questions:Where are the biodiversity hotspot areas located?What is the expected impact of climate change on biodiversity in the Afro-Arabian region?What would the conservation status of focal species be under climate change?

We delineated the contemporary potential distribution ranges for the endemic mammal species of the Afro-Arabian region using SDMs. Then, based on the range maps derived from the SDMs, we defined the biodiversity hotspot areas in the study area. We then projected the current potential ranges temporally into 2050 and 2070 to predict the potential impact of climate change on the distribution of the endemic mammals in the future. According to the degree of predicted change in the species' ranges, we then assigned a threat category to each species following the IUCN Red List criterion A3(c).

Results {#Sec2}
=======

We compiled data for 107 endemic mammal species belonging to 17 families (Supplementary Table [S1](#MOESM1){ref-type="media"}). The most represented families were Muridae (41 species), Soricidae (18 species), and Bovidae (16 species). All ensemble SDMs had a good predictive performance (True Skill Statistic (TSS) \> 0.49, mean = 0.80, SD = 0.09, and Area Under the Receiver Operator Curve (AUC) \> 0.74, mean = 0.89, SD = 0.05) suggesting that the SDMs were well capable to identify suitable areas within the study region (AUC & TSS values for each species are listed in Supplementary Table [S2](#MOESM1){ref-type="media"}). The spatial analysis revealed that the contemporary species richness reaches a maximum of 35 endemic mammal species per \~25 km^2^. The areas with the highest richness values were concentrated along the coast of the Mediterranean and Red sea, and around the mountainous regions. The areas with the lowest richness were found in central Algeria and Mauritania in the West and central Saudi Arabia in the East (Fig. [2](#Fig2){ref-type="fig"}). It is noteworthy that the species richness showed a latitudinal gradient for endemic mammal species increasing northward.Figure 2Species richness areas of the endemic mammal species in the Afro-Arabian region along three time slices. The "Current" refers to the contemporary status of the species richness, 2050 and 2070 refer to the predicted status in those years. The scale bar shows the score of the species richness, where zero means almost no species and 30 means the number of species in the pixel.

Our results also revealed that both species richness and turnover showed significant temporal trends, where the projected change in climate conditions resulted in markedly reduced mammalian diversity in the study area. We found, under the Unlimited Dispersal scenario (UD) assuming that the species will be able to disperse freely to the projected suitable habitats, about 17% reduction in the species richness by 2050, increasing to 20% by 2070. Similarly, species turnover---the change in species composition over time--- was predicted to increase steadily during the 21st century (Fig. [3](#Fig3){ref-type="fig"}). The changes in species turnover were predicted to be higher particularly in the central Sahara and the western side of the Arabian Desert.Figure 3Temporal species turnover of the endemic mammal species in the Afro-Arabian region. The zero value indicates no change in species composition over time (2050 and 2070) and the value of one indicates a complete change in species composition.

The impact of the projected climate change scenarios on the potential species distribution was not consistent and varied among the species, where some were predicted to reduce the size of their distribution ranges and become threatened, while other species were predicted to expand their distribution ranges and thus benefit from climate change. According to the No Dispersal scenario (ND), assuming that the species will not be able to occupy the projected suitable habitats, 17 and 22 species were predicted to go extinct (losing 100% of their suitable range) by 2050 and 2070 respectively. Under the same scenario, 84 and 87 species were predicted to lose more than 30% of their suitable ranges by 2050 and 2070 respectively (Fig. [4](#Fig4){ref-type="fig"} and Supplementary Table [S3](#MOESM1){ref-type="media"}). In the unlimited dispersal scenario, the models predicted 15 and 22 species to go extinct by 2050 and 2070 respectively, while 15 species were predicted to expand their distribution ranges over that time (Fig. [4](#Fig4){ref-type="fig"}). The majority of the species at risk of going extinct were small mammals belonging to the family Soricidae (seven out of 21) and the family Muridae (ten out of 42). In general, about 80 endemic mammal species in the Afro-Arabian region will be likely to become severely threatened (losing 50--100% of their current potential suitable habitats) according to the projected climate change (Fig. [4](#Fig4){ref-type="fig"}).Figure 4The percentage of change in climatically-suitable habitat for the endemic mammal species in 2050 (left) and 2070 (right) inhabiting the Afro-Arabian region. The negative numbers on the x-axis indicate loss in suitable habitat. The numbers on the bars represent the number of species in each category.

Our results show a striking difference between the current IUCN conservation status and the predicted status according to the projected change in the distribution range (Fig. [5](#Fig5){ref-type="fig"}). About 50% of the species currently classified as "Least Concern" are expected to be classified in the near future anywhere between the categories "Vulnerable" to even "Extinct" (according to the Unlimited Dispersal scenario).Figure 5Changes in the threat category for the endemic mammal species in the Afro-Arabian region over time. The upper plot represents the unlimited dispersal scenario (UD), while the lower plot represents the no dispersal scenario (ND). The x-axis represents the temporal scale, where the current refers to the current species conservation status according to the IUCN, while 2050 and 2070 are the predicted conservation status according to the change in distribution range in those respective years.

Discussion {#Sec3}
==========

Based on the best available species distribution models, we examined how the projected climate change could influence the distribution and diversity patterns of endemic mammals in the Afro-Arabian region. Our results show that many of the endemic mammals are facing an extremely augmented risk of extinction in the immediate future (Fig. [4](#Fig4){ref-type="fig"} and Supplementary Table [S3](#MOESM1){ref-type="media"}). This result supports the findings of previous studies that have shown that a substantial number of vertebrate species globally are expected to become extinct in the next decade^[@CR3],[@CR31]^. This high extinction risk could be amplified by the influence of additional drivers such as changing land-use patterns, disease outbreaks, human pressure, and introduction of novel parasites or invasive species^[@CR32],[@CR33]^. In fact, the impact of these drivers is already obvious in the Afro-Arabian region, in particular catalysed by the absence of law enforcement^[@CR32]^. Additionally, changing rainfall patterns due to climate change can increase a species' susceptibility to disease outbreaks, exemplified by the population decline in the Kruger park as a result of an Anthrax outbreak after the 1990 drough^[@CR22]^.

In contrast, species ecological traits could also dampen the impact of climate change. Some species may show enough phenotypic or behavioural plasticity to adapt to new climate condition^[@CR34]^. For instance, studies showed that the bushy-tailed woodrat, *Neotoma cinerea*, increased in body mass to adapt to low temperatures in the Late Quaternary, and decreased it to adapt to the recent increases in temperature^[@CR34]--[@CR36]^. For some species, particularly small mammals, avoiding high temperatures can be achieved by finding shelter such as burrows^[@CR22]^. Other species can avoid the effects of rising temperature by employing "adaptive heterothermy" a physiological mechanism to reduce heat gain and evaporative heat loss and thus conserving body water^[@CR25],[@CR37]^. Accordingly, if species succeed to adapt to local conditions, the impact of climate change may not be as pronounced as projected^[@CR22]^.

For those species predicted to expand their climatically suitable ranges (Fig. [4](#Fig4){ref-type="fig"}), it will be important to have a dispersal rate that conforms with the climatic velocity (i.e. the rate at which these species disperse should keep pace with the change in climate)^[@CR38]--[@CR40]^. In the Afro-Arabian region, which is dominated by high climatic velocity, the species dispersal ability is either naturally low or artificially limited by habitat fragmentation. Furthermore, biotic interactions and the existence of natural and anthropogenic barriers further limit the species ability to expand or shift their distribution ranges^[@CR5],[@CR38],[@CR39]^. Assuming that species would be able to disperse to the new climatically-suitable habitats, the species still may not be able to colonise the new habitats if it is not meeting the requirements^[@CR34]^. The ability of these species to migrate, especially herbivorous mammals, is limited by the mobility of the plant species required as food^[@CR34]^. Whereas particularly the predators are intimately limited by prey availability rather than just dispersal capacities to the new generally climatically-suitable habitats^[@CR22]^.

Our results show a high divergence between the current IUCN conservation status and the predicted status according to the projected change in the distribution range (Fig. [5](#Fig5){ref-type="fig"}). This disagreement is owed to applying different criteria to assess species extinction. For instance, our assessment is based on the A3(c) criterion that assign species to a threat category according to the degree of change in species' ranges. Other criteria use other factors (e.g., the size of distribution range, population status, number of sub-population, and threats severity) to assign species to a threat category. As such, species can be considered threatened according to a specific criterion and not threatened according to another. We acknowledge that SDMs do not identify the proximate causes of species extinction^[@CR12]^, however, the reduction in species distribution range is very likely to increase the risk of local extension^[@CR41]^. For instance, species predicted to be or become range restricted to a few locations, could easily go extinct by any further local threat such as land transformation or disease outbreaks^[@CR12]^. In any case, our findings, together with the results of previous studies, advocate for considering the impact of projected climate change in future assessments calling for immediate action^[@CR12],[@CR22],[@CR34],[@CR42]^.

The latitudinal gradient in the current species richness corroborates the pattern for other taxa^[@CR43]--[@CR46]^. This pattern could be attributed to factors such as palaeogeography and/or historical land-use patterns which complemented each other to form a mosaic of interconnected habitats, resulting in high species richness in the northern parts of the study area^[@CR47],[@CR48]^. Additionally, areas with high species richness are also geographic transition zones. For instance, the Sinai is a transitional habitat between Asia and Africa, while Morocco lies between Africa and Europe. These transition habitats are characterised by high levels of species diversity and endemism, and the occurrence of species with allopatric ranges^[@CR49]^.

Although species richness was predicted to decrease and hotspot areas to become isolated during the next decades, the regions with high richness were predicted to remain around the coastal areas and in the Sinai region (Fig. [3](#Fig3){ref-type="fig"}). Previous studies also revealed the importance of these regions for many other taxa at global and local scales^[@CR32],[@CR44],[@CR45],[@CR50]--[@CR54]^. However, the political conflicts, particularly in the Sinai region, and the sprawling development along the coastal areas do not hold much promise for the survival of species in these regions. An accurate assessment of biodiversity and its threats is not available across the Afro-Arabian region because of its remoteness and political instability. However, the rate of hunting wildlife unsustainably substantially increased and several wildlife massacres have been reported particularly after the "Arab spring" in 2011^[@CR26],[@CR55],[@CR56]^. Recent analyses show that the increased conflict and anthropogenic activities resulted in a dramatic population decline for many species^[@CR55],[@CR57],[@CR58]^. Additionally, most of the megafauna in the southern part of the study area have been almost extinguished because of armed conflicts^[@CR55]^. The current conflicts and instability together with other disturbances (mining, grazing, agriculture, and urbanisation), leave endemic species with nowhere to go, amplifying the risk of extinction to be realistically much more dramatic than our projections^[@CR2],[@CR55],[@CR58]^.

It is noteworthy that the regions with high species turnover corresponded to the regions with low species richness, except in the Sinai region (Fig. [3](#Fig3){ref-type="fig"}). This could be because the species assemblages in our study follow the hollow curve pattern, where most species have small distribution ranges with just a few large ones^[@CR59]--[@CR61]^. The change in species composition reflected by high species turnover, due to species range contractions and expansions, as well as influx of new species and/or departure of other species, could negatively influence the existing species interaction patterns and the trophic network structure^[@CR22],[@CR34],[@CR42]^.

Our results should be interpreted cautiously, given some of the inherent uncertainties associated with SDMs being projected into the future. A primary source of uncertainty in our study is the quality and quantity of species occurrences. In this study, the distribution ranges for about 20% of the focal species were modelled with low quantities of five to 10 occurrences. Using such small numbers for modelling is challenging and likely to reduce prediction accuracy. However, we minimised model uncertainty by avoiding model complexity using fewer predictors (i.e. equal to or less than the number of occurrences) which should reduce the risk of model over-fitting^[@CR62]^. Additionally, we used SDM algorithms that proved to have good performance with low numbers of occurrences^[@CR63]^. Since our data was collected from different sources with different sampling approaches, it certainly contained sampling bias, which often results in environmental bias (i.e. over‐representation of certain environments) and, in turn, results in truncated response curves and ultimately yields less reliable predictions^[@CR64],[@CR65]^. We used, however, a spatial filtering approach to address such potential bias in the species occurrence data. Another sources of uncertainty comes from model extrapolation, projecting models onto non-analogue environments that were not used for calibration^[@CR62],[@CR66]^. To minimise model extrapolation bias and improve the prediction reliability, we projected the current distributions onto the future climate scenarios using the 'clamping' option, which allows some extrapolation onto non-analogue environments, but in a constrained manner. We acknowledge that there is also another more conservative approach, which completely avoids model extrapolation, however, such an approach can produce truncated response curves and even less reliable projections^[@CR67]^. We are not claiming that our projections have no extrapolation bias (they certainly have), however, this extrapolation bias is restricted and reasonable from a practical stand point. A further source of uncertainty is variable selection and availability. Information, for example, on how vegetation variables (VCF) might change in the future is not available, accordingly we assumed it to remain (i.e. static variable) unchanged. It is therefore crucial to understand that our projections are only valid under the assumption we had to make. However, since most of the species with distribution ranges shaped by VCF were bats, which have the ability to disperse and track changes in VCF that could happen in the future, we do not expect that changing VCF in the future will significantly change the conclusions of our study.

Conservation Implication {#Sec4}
========================

For systematic conservation planning and setting conservation priorities it is imperative to know about species distributions and their relationship with biotic and abiotic factors^[@CR68]--[@CR70]^. However, despite their ecological roles in the ecosystem, particularity in the Sahara and the Arabian Desert, mammal species are widely neglected from conservation plans, and not even fully recognised by the local governments^[@CR2],[@CR19],[@CR27]^. The ecological role that many mammal species play makes them ideal umbrella or keystone species. Prioritising the conservation efforts towards these species would provide collateral protection to co-occurring species^[@CR22]^. For instance, the recruitment of *Acacia* species, a keystone species in the Sahara and the Arabian Desert, increased with the presence of herbivore species (e.g. Dorcas gazelle *Gazella dorcas*)^[@CR71]^. Unlike other herbivorous species, Dorcas gazelles are known to be browsers and not grazers, which, in turn, allows the vegetation cover for the desert ecosystem to survive and persist, in addition they also act as plant seeds dispersers^[@CR72]--[@CR74]^. At the same time, the gazelles are the main prey for several predators (e.g. Cheetah *Acinonyx jubatus* and Wolf *Canis lupus*) that have suffered from decline in prey availability^[@CR75]^.

Our results, together with other studies^[@CR5],[@CR10],[@CR26]^ all show that biodiversity in the Afro-Arabian region is highly vulnerable to projected climate change. To save what is left, conservation measures should prioritise the hotspot areas, i.e. regions with a high number of endemic species. Vanishing species and populations will potentially affect the existing ecological network as some species may experience ecological release and others may be suppressed causing cascades of extinctions^[@CR42],[@CR76]^. The Afro-Arabian species exhibit high physiological plasticity and distinct evolutionary histories that provide valuable insights into the genetic basis of species tolerance to environmental extremes^[@CR2],[@CR4],[@CR5]^. Thus, losing these endemic species could lead to a loss in the pool of important genetic information that is vital for understanding species' evolution and survival in extreme environments^[@CR4]^. As such, conservation efforts need to maximise species dispersal within their suitable habitat; this would slow down the rate of extinction by maintaining the interaction between species and populations and preserving the genetic network^[@CR77]^. We highly recommend applying adaptive conservation strategies inside and outside protected areas as a first critical step forward^[@CR32],[@CR78]^. These strategies include three options: 1) the *resistance* option, reducing the threat impacts and conserving valued resources (e.g., reducing non-climatic stress---invasive species and habitats fragmentation--- and promoting green energy), 2) the *resilience* option, restoring the ecosystem functions (e.g., improving protected area networks and habitats connectivity), and 3) the *response* option, allowing the ecosystem transition to new conditions (e.g., using transboundary protected areas)^[@CR32],[@CR78]^. The existing protected area networks can be used to initiate the adaptive conservation strategies. Increasing redundancy in the existing protected area networks can provide species with more opportunities to move and disperse, which, ultimately, improves species resilience to climate change^[@CR79]^. The existing protected area networks in the Afro-Arabian region are few, small in size, and spatially disconnected^[@CR32]^. Therefore, expanding the protected area networks is likely to preserve various environmental conditions, improve habitat connectivity, and facilitate species dispersal along different environmental gradients^[@CR77]^. Additionally, we recommend establishing new protected areas to cover the regions predicted to experience high turnover rates (Fig. [3](#Fig3){ref-type="fig"}), and managing the surrounding habitats in ways that allow for species dispersal and movement. The socio-economic aspect and community-based conservation approach need to be considered in the conservation management plan to achieve a long-term conservation success^[@CR32]^.

Methods {#Sec5}
=======

Study area {#Sec6}
----------

This study focuses on the Afro-Arabian region which covers \~17,820,000 km^2^, and extends over 26 countries in Africa and Asia (Fig. [1](#Fig1){ref-type="fig"}). It covers two deserts, the Saharan and the Arabian Desert, that occupy the southern part of the western Palearctic and extend also into the Afro-tropical realm^[@CR27]^. The region is bordered by the Mediterranean Sea in the north, Persian Gulf in the east, the Atlantic Ocean in the west, and the political borders of the Sahel countries in the south (Fig. [1](#Fig1){ref-type="fig"}). This region has relatively high topographic heterogeneity (altitude varies from \~−400 to 4000 meters a.s.l.) and habitat diversity (sand dunes, coastal plains, mountains). It encompasses mainly three distinct climatic regions: warm Mediterranean, warm semi-arid, and warm desert^[@CR80]^. The latter climate region encompasses the Sahara biome, the largest warm desert in the world, with mean annual temperature of \~32 °C and mean annual precipitation of zero^[@CR26]^, and spreading over \~80% of the study region. The study region experienced environmental and geological oscillations in the past that allowed for faunal interchange between Africa and Asia^[@CR20]^.

Species data {#Sec7}
------------

Point occurrences for 107 mammal species (Supplementary Table [S1](#MOESM1){ref-type="media"}), specifically 95 endemic and 12 near-endemic species (\>70% of their distribution ranges within the study region), were assembled from different resources, including personal fieldwork, published and "gray" literature, online portals, and personal communications (Supplementary Table [S4](#MOESM1){ref-type="media"}). We updated species taxonomy following the Mammal Species of the World portal^[@CR81]^. We restricted the species records to those only collected from the wild between 1960 and 2005, and omitted the duplicated occurrences within one grid cell (\~5 × 5 km). To correct for sampling bias, we applied a spatial filtering approach^[@CR82],[@CR83]^. Specifically, we filtered records of each species to obtain the highest achievable occurrences that are 5, 10, and 20 km apart for small, volant, and large mammals respectively. We chose these distances to represent the mean dispersal ability of each group. This should lead to less spatially autocorrelated records with less environmental bias, and yield better prediction for species distribution ranges^[@CR84]^. We acknowledge that there are several bias correction approaches such as calibrating the model with extra predictors representing site accessibility or sampling effort, or background manipulation^[@CR85],[@CR86]^. However, in this study we favoured spatial filtering since it has been shown to outperform other bias correcting approaches^[@CR87]--[@CR90]^. As a consequence, it has been widely applied recently to correct the spatial and environmental bias in species data^[@CR83],[@CR90]--[@CR94]^. Spatial filtering outweighs the negative influence of the biased data and substantially minimises omission errors (i.e. suitable areas not predicted by models) and commission errors (i.e. areas mistakenly predicted to be suitable) particularly in areas with limited surveying effort^[@CR87]^. (For assessing the environmental bias see Supplementary Methods "Environmental sampling bias assessment" & Supplementary Figure [S1](#MOESM1){ref-type="media"}).

Environmental data {#Sec8}
------------------

We initially selected 26 environmental predictors, 19 contemporary climatic predictors available from the WorldClim database and seven non-climatic predictors characterising the topography and vegetation, at a resolution of 2.5 arc-min (Supplementary Table [S5](#MOESM1){ref-type="media"}), to model species distributions. This resolution allows for mitigating the uncertainty that might result from the positional uncertainty associated with the species occurrences, and also for avoiding the issue of not identifying local refugia, a common issue in coarse spatial resolution climate change projections found on correlative SDMs^[@CR32],[@CR95]^. Model over-fitting is a problem in the presence of multi-collinearity between the predictors^[@CR96],[@CR97]^. We therefore calculated the collinearity between the predictors based on the Variance Inflation Factor (VIF), and removed the predictors with VIF values greater than 10^[@CR98]^, using the "vifstep" function in "usdm" R package^[@CR99]^. This reduced the number of predictors to 13 (Supplementary Tables [S5](#MOESM1){ref-type="media"} & [S6](#MOESM1){ref-type="media"}). To assess the potential impact of climate change on the distribution of the focal species, we retrieved projections of future climate variables from four general circulation models (GCMs), HadGEM2-AO, CCSM4, IPSL-CM5A-LR, and ACCESS1-0, downscaled to 2.5 arc-min resolution from the IPCC Fifth Assessment, available from the WorldClim database for the years 2050 and 2070^[@CR100]^. We used the VIF to assess collinearity within future predictors (2050 and 2070) and to avoid making predictions based on collinearity structures in time^[@CR101]^ (Supplementary Table [S6](#MOESM1){ref-type="media"}).

We used the RCP 8.5 pessimistic emission scenario that assumes increasing in the global population and slow per capita economic growth, leading to high energy demand and high GHG emissions and the average temperature over time in absence of climate change policies^[@CR102],[@CR103]^. The Afro-Arabian region, in many of its countries, is suffering from civil conflicts and wars, political unrest, increasing population size, low per capita income, and absence of climate change policies^[@CR55],[@CR56]^. Therefore, we restricted our analysis to the RCP 8.5 scenario as most realistic scenario (or even the most pessimistic), for the Afro-Arabian region, that is probably representing the actual situation in the study area and also bears only the risk of our results being a conservative outcome. Finally, since there is no data on the 'vegetation continuous field' (VCF) variable^[@CR104]^ and how it might change in the future, we assumed that VCF remains constant to be able to include it in the future predictions^[@CR105],[@CR106]^. To avoid prediction unreliability owing to non-analogue environments in the future (2050 and 2070), we used ExDet tools^[@CR107]^ to identify the presence of non-analogue environments and the extent of model extrapolation (see Supplementary Methods "non-analogue environments and extrapolation" & Supplementary Figures [S2](#MOESM1){ref-type="media"} and [S3](#MOESM1){ref-type="media"}).

Species Distribution Models (SDMs) {#Sec9}
----------------------------------

We adopted ensemble SDMs with the weighted average consensus approach that accounts for model-based uncertainty^[@CR108],[@CR109]^ to delineate the contemporary and future distribution ranges. The ensembles consisted of four different SDM algorithms: MaxEnt^[@CR110]^, Random Forest (RF)^[@CR111]^, Generalized Boosted Model (GBM)^[@CR112]^, and Generalized Linear Model (GLM)^[@CR113]^, available within the "biomod2" R package^[@CR114]^. However, for each species, the selection of SDM algorithms was based on the number of species occurrences and species specialisation following the framework developed by Soultan and Safi^[@CR27],[@CR63]^. To minimise the model complexity and avoid model over-fitting^[@CR82],[@CR83]^, we calibrated an initial model for each species using the filtered species occurrences and the uncorrelated current environmental predictors. Subsequently, for each species, we calculated the variable importance of each predictor to model gain, retaining those with a relative contribution greater than 5% for the final model calibration (Supplementary Table [S7](#MOESM1){ref-type="media"})^[@CR115]--[@CR117]^. To avoid geographical over-prediction, we used a species-specific study area^[@CR118]^. Specifically, we restricted the model calibration to the buffered minimum convex polygon (MCP) of the species occurrences, where the buffer distance was equal to the mean distance between the occurrence points of the focal species^[@CR83],[@CR84],[@CR119]^. This was done to avoid model over-fitting when the environmental conditions in species occurrences were different from those in background locations^[@CR120]--[@CR122]^. We thus randomly sampled 10'000 background points, constrained to within the buffered area, to characterise the environmental background^[@CR122]^.

Finally, we projected the model predictions onto the Afro-Arabian region to determine the contemporary potential distribution for each species. For species with a large MCP (\>50% of the study area), we used the entire study area for model calibration. We used spatial cross-validation to avoid calibrating and evaluating based on the same data^[@CR50],[@CR83]^. To this end, we segregated species localities geographically into four blocks, then, models were built in an iterative manner, using three blocks for calibration and the remaining fourth block for evaluation in each iteration, until all blocks have been used once for evaluation^[@CR123],[@CR124]^. This allowed for: 1) maintaining spatial independence between training and test data, 2) avoiding AUC inflation due to spatial auto-correlation between training and test data and, 3) incorporating the uncertainty in the estimated probability^[@CR123],[@CR124]^. We evaluated the predictive performance of the models by assessing their ability to predict relative likelihoods of species occurrence within the test data blocks, using the area under the curve (AUC) of the receiver operating characteristic (ROC) plot^[@CR125]^, as well as the True Skill Statistic (TSS)^[@CR126]^. We projected the contemporary species distribution ranges into the future (2050 and 2070) in order to assess the possible consequences of climate changes on the biodiversity in the Afro-Arabian region. There is large variability among general circulation models (GCMs), which can cause uncertainties in species distribution projections^[@CR123],[@CR127]--[@CR129]^. Accordingly, to reduce the bias in certain areas from one GCM, we calculated the median of the predictions from the four GCMs^[@CR129]--[@CR132]^. This approach showed to provide accurate and less biased predictions and provides better consideration for the uncertainties in future species distribution^[@CR129],[@CR131],[@CR133]^.

Spatial analysis {#Sec10}
----------------

We quantified the impact of global change on the spatial biodiversity patterns through two indices: species richness and species turnover. Species richness is important for understanding the ecological and evolutionary processes that shape the biodiversity in a given location and is one of essential measures for prioritising conservation efforts^[@CR8],[@CR134]^. We estimated species richness for current and future, 2050 and 2070, by summing up the predicted relative likelihoods of species occurrence for all species for the corresponding time^[@CR34],[@CR124]^. Species turnover is a measure of dissimilarity in the composition of species assemblages from site to site within a given time frame or over time within a given site^[@CR135]^. We used the Bray-Curtis index to quantify the "temporal" species turnover, dissimilarity for each pixel between the current and future, using the "vegdist" function in the "vegan" R package^[@CR136]^.

Additionally, we accounted for the ability of species to track the changes in climate using two dispersal scenarios: Unlimited Dispersal (UD), assuming that the species can disperse freely and adjust their distribution range according to climate, and No Dispersal (ND), where species are assumed to be unable to disperse and, as a consequence, will not be able to occupy the projected suitable habitats. According to the rate of change in species distribution ranges, we assigned each species to a threat category following the International Union for Conservation of Nature (IUCN) threat categories^[@CR137]^. We applied the following criteria as described in IUCN Red List criterion A3(c): Extinct when a species is predicted to lose 100% of its current potential range; Critically Endangered when a projected range loss is \>80%; Endangered projects a range loss of \>50%; and Vulnerable when a projected range loss is \>30%^[@CR9],[@CR12],[@CR34]^. IUCN Red List criterion A3(c) estimate the rate of geographic range decline over a period of 10 year or three generations, whichever is the longer^[@CR138]^. Since 10 years is a short period to measure the impact of climate change and also does not reflect time scales for human interventions^[@CR138]^, we used the generation definition and considered each time period (2050 and 2070) as equal to three generations.
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